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Introduction
Nanoporous metals are sponge-like metallic structures with open-cell network structure. They are comprised of interconnected ligaments of nanometerscale characteristic dimensions. Nanoporous metals have attracted attention both for their intrinsic scientific interest [1, 2] and due to their potential use as actuators [3] , biosensors [4] , fuel cell electrodes [5] , and in bone tissue engineering [6] . To realize these promising uses, fundamental understanding of nanoporous metal stability and morphological evolution is necessary. Based on atomistic simulations of model nanoporous gold, we suggest a coarsening mech-anism that may explain certain puzzling experimental observations, namely the occurrence of voids enclosed in ligaments and reduction in volume during synthesis of nanoporous gold.
Nanoporous metals are commonly synthesized by dealloying, in which less noble components of an alloy are electrochemically dissolved. For example, nanoporous gold (np-Au) is synthesized by dissolving silver from a silver-rich gold-silver alloy [7] . Other examples include synthesis by dealloying of npplatinum from PtAg alloys [8] or PtSi alloys [9, 10] , and np-copper from AlCu alloys [11] . Initial understanding of the formation and coarsening of np-Au was based on on-lattice surface diffusion of gold atoms [12] : as silver atoms are removed, gold atoms diffuse on the surfaces thereby exposed and attach to terraces and hillocks, causing the np-Au to coarsen. Such a model, however, is not sufficient to explain all experimental observations on np-Au formation. An on-lattice model assumes that the number of atomic sites remains constant and, therefore, predicts that the volume of the np-Au remains fixed during dealloying whereas the volume of samples reduces by as much as 30% in some synthesis procedures [1, 13] . A coarsening model based only on surface diffusion would predict that enclosed voids would not form whereas ligaments in some np-Au samples were found to contain voids [14] . Furthermore, surface diffusion-dominated coarsening would predict that regions with large positive or negative curvature such as ligament pinch-off regions are quickly smoothed out. Remnants of ligament pinch-off, however, have been observed in experiments [34] .
Because several np-Au samples were found to contain lattice defects such as stacking faults, twins, and dislocations [1, 13, 15, 16] , it has been suggested that localized plastic deformation may cause volume reduction during dealloying.
Nonetheless, a detailed picture of how plastic deformation−a volume conserving process−may lead to volume reduction and the formation of internal voids is lacking. Based on atomic-scale simulations of model np-Au, we suggest a mechanism by which plastic deformation may lead to coarsening of nanoporous metals.
The mechanism we suggest could also explain other phenomena observed during dealloying in experiments, namely densification of np-Au and formation of enclosed voids.
The formation and coarsening mechanisms of np-Au are difficult to determine by experiments alone since the spatio-temporal resolution required to directly observe the relevant processes often exceeds current capabilities. Unfortunately, a realistic representation of dealloying chemistry and time scales is also beyond the current capabilities of atomic-scale simulations. We therefore investigate the morphological evolution of a model np-Au structure that, while it does not directly correspond to the experimental dealloying process, shares some important structural properties with real np-Au. Using atomistic simulations, we find that this model np-Au coarsens by restructuring its open-cell network by collapse of neighboring ligaments onto each other. The ligament collapse is made possible by concurrent localized plasticity at ligaments and nodes.
The restructuring of the np-Au network causes volume reduction and coarsening and on occasion leads to formation of voids completely enclosed in ligaments.
Such a coarsening mechanism may be operative in the early stages of formation of real np-Au and may explain some experimental observations that a surface diffusion-dominated mechanism alone cannot. In addition, the proposed mechanism predicts a critical ligament radius below which such plasticity-mediated coarsening would occur spontaneously, setting a lower limit to the ligament dimensions of nanofoams.
Model and methods
In our atomistic simulations, interatomic interactions are modeled using an embedded atom method (EAM) potential for gold [17] (A review of EAM potential methodology can be found in reference [18] and a recent review of interatomic potentials for metals can be found in reference [19] ). This EAM potential was fit to the equilibrium lattice constant, sublimation energy, bulk modulus, elastic constants, and vacancy formation energy of fcc Au [17] . It also predicts well other properties such as the melting point and that Au is most stable in the face-centered cubic structure [17, 20] . This EAM potential also agrees well with the universal equation-of-state by Rose and co-workers [21] and the experimentally determined radial distribution function of liquid gold [20] . Additionally, the EAM potential used in this study predicts correctly the trends in surface energy for different surface orientations [17, 20] , which is crucial in studies of nanoporous metals since surfaces make up for a large fraction of the material.
The stable stacking fault energy of 6 mJ/m 2 predicted by this EAM potential is much lower than the stacking fault energy of 32.5 mJ/m 2 for real gold [20] .
Nonetheless, the unstable stacking fault energy of 102.9 mJ/m 2 , which governs the barriers that must be overcome for glide dislocation nucleation, predicted by this EAM potential is nearly identical to 101.8 mJ/m 2 predicted by a morerecent EAM potential [22] . Therefore, we expect that the lengths of stackingfault ribbons in simulated np-Au would be longer than in real np-Au, but the qualitative nature of dislocation nucleation would not change.
To create a model nanoporous structure, N = 500000 atoms were placed in a simulation cell under periodic boundary conditions. The size of the simulation cell was chosen to obtain an np-Au of desired density. The initially random distribution of atoms spontaneously aggregates into a foam-like structure, similar to those observed in previous simulations of processes ranging from homogeneous liquid-vapor nucleation in fluids [24, 25, 26 ] to macroscale galaxy redistribution in the universe [27] . In addition to the aggregate foam-like structure, the simulation cell also contains free-standing clusters of atoms. These clusters form because the distance between their surfaces and the interconnected foam exceeds the range of the EAM potential used in this study and because there are no long-range (e.g. electrostatic) or body (e.g. Diffusion, a thermally activated process, is not expected to occur during the simulations described above. No thermally activated phenomena can occur during potential energy minimization. Molecular-dynamics simulations performed at 300 K would require a run of several nanoseconds for a single atom jump to occur, given migration barriers typically found in metals [17] . Therefore, we expect negligible surface diffusion in the timescale of our study (about 1 nanosecond). Consequently, the phenomena observed in our simulations are caused by processes other than diffusion.
Simulations were performed using lammps [28] . The ligament and pore radii of the nanoporous structures were determined using pore-size distribution functions [29] . Figure 1 shows a visualization of a typical np-Au structure obtained using this procedure. Structural features such as atoms in face-centered cubic (fcc) environments, stacking faults, twins, and dislocation cores were characterized using common neighbor analysis [30] . Prevailing crystallographic orientations along free surfaces were determined by analyzing surface radial distribution functions [23] . AtomEye [31] and VisIt [32] were used for visualization.
Structural features of model np-Au
The model np-Au, like that shown in Fig. 1 , is always open cell with interconnected ligaments. As most real np-Au, the model structures are crystalline and face-centered cubic with the lattice parameter corresponding to that of fcc gold [1, 7, 15, 33] and the ligament surface normals of model np-Au are predominantly in the crystallographic 111 direction [34] . Like some real np-Au [14, 15, 16, 35, 36, 37] . A possible consequence of this difference is that our model may be more representative of np-Au in the initial stages of dealloying where ligament radii may be much smaller than those finally measured [14, 15, 16, 35, 36, 37] . Despite this discrepancy, just as some experimentally synthesized np-Au structures [14] , the ligament and pore radii of model np-Au scale with their relative densities in the same manner as conventional open cell foams do [38] . We found that the relative densities of our model np-Au are related to ligament and pore radii by the vertex-corrected scaling expression given by Eqn. 1 [38] where r l and r p are ligament and pore radii, respectively, with C 2 = 4.38±0.23 and D 2 = 4.93±0.58.
Model np-Au increased in density when annealed at zero pressure. An increase of ∼ 33% in density was observed for np-Au that were initially 19%
dense and an increase of ∼ 25% in density was observed for np-Au that were initially 30% dense. nm radius ligaments [14] .
All of the structural and topological features present in model np-Au have been observed in differently synthesized real nanoporous materials, as described
above. It appears that the main discrepancy between the model np-Au and real nanoporous materials is that no one real nanoporous material exhibits all of the structural features of the model. How this discrepancy may reflect on differences in properties requires further investigation, but we believe that it would not alter qualitatively the results presented in this manuscript.
Coarsening during annealing of model np-Au
Model np-Au samples coarsen during annealing at 300 K. While there appear to be two regimes with different coarsening rates in Fig. 2(a) , they differ primarily in the number of collapse events. Initially, the ligaments are sufficiently thin and close that the collapse rate, and therefore also the coarsening rate, is high. As the average ligament and pore sizes increase, the average distance between ligaments also increases. The increased ligament size implies that a higher plastic work rate is required to maintain a given coarsening rate. Increased pore size also implies that greater plastic work is necessary for equal number of collapse events. Therefore, the coarsening rate reduces as the ligament radius increases. Since the coarsening rate is likely dependent on both ligament and pore radius and because the ligament and pore radius can be related to each other by the relative density as in Eqn. 1, the rate of coarsening by network restructuring is likely dependent on the relative density.
No appreciable migration of surface atoms by thermally activated diffusion was observed during the annealing process. In model np-Au, atoms that are at the free surface at the end of the annealing process moved on average by about 0.45 nm from their initial neighbors. For coarsening to occur by surface diffusion, however, the average surface atom migration distance would have to have been of the same order as the ligament length or the pore radius, which is in the range 6.7−4.8 nm in our simulations. The observed atomic motion is likely due to surfaces relaxing to their lowest energy orientations. It may aid in the onset of local plastic deformation and thereby contribute to coarsening indirectly [39] .
Coarsening during deformation of model np-Au
Since localized plastic deformation is required for coarsening by the mechanism described above, it may be expected that application of an external load may also promote coarsening. To test this hypothesis, volume-conserving uniaxial compression ( zz < 0, yy = xx > 0) was performed at zero temperature on np-Au samples that were annealed for ∼ 0.8 ns, with small remaining clusters removed, and the resulting structure relaxed by potential energy minimization.
Model np-Au were compressed along the z direction at strain increments of 0.99% while the x and y cell dimensions were extended such that the total volume of the simulation cell remained constant. The strain applied to the model np-Au was therefore purely deviatoric. After each strain increment the model was relaxed at zero temperature by PEM until the maximum force on any atom was less than 5 pN. All the samples were found to coarsen during the deformation [ Fig. 2(b) ]. At sufficiently low applied tensile equivalent strains dev , local plastic deformation occurs but does not cause ligament pinchoff or collapse.
Upon further deformation, however, ligament pinchoff and associated network reconstruction do occur and cause coarsening. Just as during annealing, where events like those shown in Fig. 3(a)-3(c) and Fig. 3(d)-3 (f) take place, pinchoff and collapse of neighboring ligaments onto each other are also observed upon deformation, as illustrated in Fig. 3(g)-3(i) .
In addition, model np-Au at all densities investigated exhibited an elasticperfect plastic stress-strain response [ Fig. 4(a) ] reminiscent of the behavior of conventional metallic foams [38] and qualitatively similar to that found in experiments on np-Au [36] . A critical tensile yield strength for gold of σ s = 3.864 GPa The mechanism described above contrasts with a recently proposed surfacediffusion-based alternative explanation for formation of enclosed voids [44] . In this alternative explanation, based on kinetic Monte Carlo simulations performed on simulated dealloyed nanoparticles, it has been suggested that surface diffusion in nanoporous structures leads to pulling away of material from saddlepoint curvature ligaments, with the geometric effect of reducing the topological genus. Such pulling away of material leads eventually to ligament pinch-off associated with Rayleigh instabilities, and this also leads to bubble formation.
In our view, the mechanism proposed in [44] offers a competing, though not contradictory, explanation to that presented here.
Critical ligament radius for spontaneous coarsening
Our simulations show that coarsening in some nanoporous metals may arise from network restructuring accompanied by localized plasticity. For nanoporous structures with sufficiently small ligament radii, the rate of surface energy reduction during coarsening may be greater than the rate of plastic work. If so, coarsening by this mechanism may occur spontaneously without thermal activation until ligament radii reach a critical value. For ligament radii beyond this value, the rate of plastic work exceeds the rate of surface energy reduction. To develop an estimate of this critical radius, we consider a nanoporous material consisting of ligaments with average ligament radius R and average ligament length L, which is proportional to the pore radius. Suppose that collapse of a fraction p 1 of the ligaments leads to an increase dR in the average ligament radius and corresponding decrease in surface area. As shown in Fig. 3 , some of these events are accompanied by pinch-off of nearby ligaments, which increases the free surface area. To account for this, we assume that a fraction p 2 of the ligaments that pinch off do not collapse. We also assume that the density remains constant during coarsening, though this is not strictly necessary.
The incremental decrease in the per ligament surface energy due to the reduction in the surface area is then given by
where the first term corresponds to the surface area removed by the collapse of ligaments and the second is the additional surface area created at pinched-off ligaments. C 0 is a measure of the extent of collapse of ligaments onto each other and reaches its maximum value C 0max = 2 − For simplicity, we retain only the leading order term R ≈ L C 2 √ ρ rel where
is obtained by fitting data from our simulations. The incremental decrease in surface energy per ligament can then be rewritten as
.
The plastic work required for ligament collapse may be estimated as follows.
Since the localized plasticity is caused by dislocation glide, the average plastic work for each dislocation is the amount of work required to move a dislocation across a ligament. The glide of one dislocation causes a displacement equal to the Burgers vector b of the dislocation. Since the average displacement required for ligament collapse is proportional to the pore radius, the number of dislocations that must glide through a ligament on average is
where L is the distance a ligament must be displaced to collapse into one of its neighbors and K 0 is a constant parameter of order one. Therefore, the associated increment of plastic work per ligament is given by
Coarsening by the postulated mechanism will occur spontaneously if
. To compute the critical ligament radius beyond which the postulated mechanism does not occur spontaneously, we set the two terms equal and get
The critical radius R * below which coarsening by network restructuring occurs spontaneously decreases with plastic flow resistance, increases with surface energy, and depends on the nanoporous network topology and the statistics of ligament collapse and pinch-off events through the constant K. Furthermore, Eqn. 6 predicts a network topology-dependent critical pinchoff fraction beyond which the surface area increase is too large to be compensated by ligament collapse. Thus, it may be possible to design nanoporous networks that are less susceptible to coarsening by the proposed mechanism, even though ligament collapse may still occur at isolated locations during annealing and ligament collapse may lead to coarsening when external loading is applied.
For a numerical estimate of the critical radius, we assume that collapsed ligaments greatly exceed those that pinch off (K = K 0 C 0 ) and that all ligaments fully collapse (C 0 = 0.74). We assume the flow resistance to be τ = 800 MPa. This is the lowest flow stresses for Au nanopillars observed in compression of 250 nm radius gold cylinders [41] , although other studies suggest that the relevant flow resistance could be as high as 2.5 GPa [42] . We also assume that on average the ligaments must be displaced by half the pore radius to collapse onto an adjacent ligament, i.e., K 0 = 2. For γ {111}Au = 1.25 J/m 2 [43] , we get R * Au ≈ 3.2 nm. For the range of permissible values for τ and K 0 , the critical radius R * Au ranges between 1 nm and 10 nm. This range of predicted critical radii for np-Au lies below the average ligament radii reported in all experiments on np-Au of which we are aware [14, 15, 16, 35, 36, 37, 40] , suggesting that coarsening by the mechanism described here may be operating very early in the dealloying and coarsening process.
Conclusions
Atomistic simulations reveal that coarsening of model np-Au may occur by network restructuring caused by neighboring ligaments collapsing onto each other. This process is accompanied by localized plasticity at nodes and within the ligaments themselves. An expression is developed for a critical radius below which this mechanism may operate spontaneously, suggesting that synthesis of nanoporous materials with ligament radii below of a few nanometers might not be possible unless their surface energy, flow resistance, and network topology are tailored to increase the plastic work rate during coarsening beyond the rate of associated surface energy reduction. Although direct experimental verification of whether coarsening occurs by collapse of adjacent ligaments is still not currently possible, presently available experimental data provide indirect support to the mechanism we suggest: ligaments with high curvature corresponding to pinch-off events have been observed in nanoporous samples, even when no external load is applied [34] ; enclosed voids form in nanoporous metals [14] ; and np-Au is known to densify during dealloying, annealing [1] , and deformation [33] . Continued development of multi length-and time-scale characterization methods eventually enable validation of the coarsening mechanism proposed here by direct observation [45] .
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